This paper reports a biosystem (biological system) for analyzing biochemical substances in biological fluids. Rather than one channel, it comprises 16 highly-selective optical-channels that enable the measurement of the concentration of 16 different biochemical substances.
INTRODUCTION
Over the past decade, the miniaturization of fluidic analyses systems has become a highly visible and dominant trend in physical and biological sciences [I] . Presently, disease prevention and treatment is often based on the measurement of chemical parameters in biological samples, such as blood, urine, serum, cerebrospinal fluid and plasma. Some of those measurements are performed by optical absorption [2]. However, in most cases, the samples need to be sent to a central laboratory for analysis, and the results of routine tests become available after several hours or even days. The need for rapid and on-line measurements at low concentrations led to the development of biosystems With the fluidic, detection and readout systems integrated in a single-chip [3]. The advantages associated with shrinking clinical analysis system include improved efficiency with respect to sample size, response times, analytical performance, integration, automation, laboratory safety, throughput and costs. In system signal processing and data pre-handling, the small size and low power consumption of such highly integrated biosystems could make them highly portable and thus suitable for in-situ measurements tasks.
The application of the particular biosystem presented here is the measurement of the concentration, by optical absorption, of 16 different biochemical substances in human's fluids.
BIOSYSTEM DESIGN
The starting point for the design of the biosystem was macroscopic measurements of the concentration of 16-biochemical substances in well-known standards (Table 1 [Z]). These measurements were performed in a 1 cm lightpath cuvette with a model UV-3lOlPC SHIMADZU spectrophotometer. The following conclusions can be drawn from these measurements: (1) the intensity of the color produced by the solutions is directly proportional to the concentration of the biochemical substances; (2) each solution presents a linear behavior within the interest concentration range; (3) the absorption spectra of each solution shows a maximum peak at a specific wavelength, described in the third column of Table 1 , with FWHMs about 70 nm [4] . The biosystem is composed of a glass die that contains the fluidic channels, including the optical filters, and a silicon die that contains the photodetectors and readout electronics. Figure 1 shows schematically the cross-section structure of the biosystem for an individual optical-channel. 
Glass die
The glass die is composed of two glass 500 pm thick wafers(Figure2). The first one has the holes for the injection and removing of the liquids (inlets and outlets) and the second one includes the channels. The die comprises three channels with the width of 1 nun and 6 nun long. Channel A is needed to obtain the baseline reference and to calibrate the light source. Channel B allows the analysis of the mixed solution (reagent plus sample). Channel C is needed to calibrate the biochemical substance concentration (well-known biochemical calibrator). On top of the first glass wafer, the optical filters, schematically shown in Figure 3 , are sputtered. The device operation is based on optical absorption in a well-defined wavelength of the visible spectrum. The impinging spectrum is filtered, by the optical filters, to a single wavelength, and the intensity of the selected spectral component transmitted through the mixture is measured using an underlying photodetectors array. Thus, each optical-channel is composed by an optical filter with an optical detector undemeath. Rather than just one channel [ 3 ] , this biosystem comprises 16 optical-channels that are tuned for a specific wavelength (see Table I ), which enables the measurement of the concentration of the 16 different biochemical substances.
Each optical filter is composed of a multilayer stack of TiO, and Si02 thin-films. The thickness of the layers determines the tuned wavelength. The optical filters use dielectric films which, when properly designed and fabricated, feature high reflectivity and low absorption loss. These high-performance is crucial when the optical filters must provide high transmittance at the tuned wavelength, and low FWHM (< 5 nm). The wavelengths at which the analyzed biochemical substances have their maximum of absorbance are very close, for example, 497nm and 500 nm for the analysis of the uric acid and the cholesterol concentration, respectively (see Table I ). This is the reason the optical filter must he high-selective. Otherwise, the measured absorbance of a certain substance concentration could be affected by its neighborhood, once they have overlapping absorbance spectra (from macroscopic measurements, FWHM -70 nm).
Si02 have been selected because the dependence of its refractive index on the wavelength for 450 nm to 600 nm is almost constant (1.465 to 1.457, respectively). TiO, have been selected due to fabrication constraints (the sputtering process is well-characterized [SI).
.A thin-film optics software package (TFCalc 3.4) was used for the structural optimization of the optical filters. Simulation results show that a multilayer stack (1 1 layers) of Si02/Ti02 thin-films (see Table 2 ) is the best option for the optical filters in terms ,of optical characteristics and feasibility. Figure 4 presents the simulated transmittances between 440 nm and 610 nm for all the 16 optical-channels, with the layers stack described in Table 2 . These results show that each of the channels is sensitive to a single spectral band, with FWHM < 5 nm.
Furthermore, the ratio between the transmitted peak and the baseline is larger than 10 and.with transmittances higher then 52%. The filters can be easily tuned to cover different spectral bands by adjusting the thickness of one or more layers without affecting the hiosystem layout. The performance of the optical filters could be increased by the increase in the layers number, but the fabrication process complexity will increase. 
CMOS die
The photodetectors and the readout electronics are integrated in the same die (Figure 5) . The photodetectors are fabricated using the layers available in a CMOS standard process, without additional masks or steps. The photodetectors are pn-junction photodiodes fabricated using a p-substrate / n-diffusion junction (see Figure 1 ). This structure is chosen because it has the higher quantum efficiency in the desired spectral range, as compared to different types of photodiodes available in a CMOS standard process. It is desirable to integrate the analog to digital conversion with the light sensors. The A D conversion is performed by using a one-hit first-order sigma delta modulator. A block diagram of the light sensors with the A D conversion is shown in Figure 6 . The circuit consists of the following sections: a current difference amplifier; an integrator and a 1-bit A/D converter in the forward path; and a 1-bit DIA converter in the feedback path of a single feedback loop system. The I-bit A/D converter is a latched comparator that converts an analog signal into either a high or a low level. Therefore, the biosystem has a bit stream output and allows its use in small data-acquisition and control systems. That bit stream is proportional to the light intensity transmitted through the mixture. 
BIOSYSTEM FABRICATION

Glass die
In the glass die, holes and channels are drilled by using a CNC machine, and then both wafers are glued. Glass is chosen due to its visible transparency and because it is a good insulator.
The optical filters are sputtered on top of the glass die. Films are sputtered by reactive dc magnetron sputtering from high purity Ti and Si target. The depositions are camed out in an Arlo2 atmosphere in a "home-made" apparatus. The system consists of two vertically opposed rectangular unbalanced magnetrons (type 2 [6]), in a closed field configuration. Prior to depositions, the substrates were ex-situ ultrasonically cleaned. Aluminum is used as a masking material during sputtering because of the high temperature reactive dc magnetron sputtering process. The filter fabrication starts with the sputtering of a 220 nm thick Ti02 layer over the entire array (see Table 2 ). In subsequent sputtering steps (for which an aluminum mask is used, Figure 7) , the total thickness of the sputtered Ti02 is increased from 220nm to 285 nm (see Table 2 ). The 16-optical filters are fabricated in 34 masked sputter steps. The aluminum masks are rotated andor vertically flipped during the fabrication process (see Table 2 , Figure 7 ). This scheme of rotating andlor vertically flipping the masks during the sputtering steps allows the use of only 4 masks. The sputtering steps number could be reduced by increasing the number of the masks. 
CMOS die
The CMOS compatible photodetectors and readout electronics of the colorimetric detection system are fabricated through a double-metal, single-polysilicon, 1.6 pm n-well CMOS standard process. Each photodiode has an active area of 200x200 pm2 (see Figure 5) . The glass die is glued to the CMOS chip. On top of the biosystem a commercially available band-pass optical filter with a hand-pass wavelength in 450-600 nm is used to enable the use of a white light source for hiosystem illumination.
EXPERIMENTAL RESULTS
The optical spectra and spectral responsivity were measured using a Keithley 487 picoammeter (full-scale range from 10 fA to 2 mA and a resolution of 5"* digit). Prior to the fabrication of the 16-optical filters array, system operation was demonstrated on a single-channel. The layers structure of the filter number 3 (see Table 2 ), designed to be sensitive at the wavelength, h = 497 nm, was sputtered on an empty glass substrate. The reagent used in the measurements was the infinityTM uric acid reagent from Sigma-Aldrich. It contains approximately 0.5 mmoVl 4-aminoantipyrine, 1.75 mmol/l TBHB, >32 Unitsil uricase (bacillus sp.), >I300 Unitdl peroxidase (horseradish), buffer pH 8.0, and 0.05% sodium azide as preservative [2] . This reagent reacts with a sample of urine containing uric acid in a 50: 1 ratio and produces an absorption maximum at a specific wavelength ( h = 497 nm). Measurement results are performed from 5 mgidl to 120 mg/dl, comprising the range of normal and usually abnormal values in a human's being (which are from 17 to 67 mgidl [7] ). Optical spectral measurements on the device (with the integrated photodiode) show (see Figure 8 ) that the single-channel is sensitive to its only single wavelength with a peak intensity from 63% (reagent without uric acid) to 31% (sample with 120 mgidl of uric acid), and FWHM = 3.2 nm, for all concentrations. 
CONCLUSIONS
A biosystem for analyzing simultaneously the concentration of 16 different biochemical substances in biological fluids is presented in this paper. This performance is obtained with an array of 16-optical filters with high reflectivity 'and low absorption loss, designed using dielectric films. The biosystem illumination only needs a conventional white light source. This biosystem offers a new approach for clinical analysis, due to the parallel testing for 16 different biochemical substances. The concentration measurement features, in addition, high spectral selectivity, on-line measurement and portability.
